The molecular mechanisms underlying the establishment of a postsynaptic receptor mosaic on CNS neurons are poorly understood. One protein thought to be involved is gephyrin, a peripheral membrane protein that binds to the inhibitory glycine receptor and functions in clustering this receptor at synapses in cultured rat spinal cord neurons. We investigated the possible association of gephyrin with synapses in cultured rat hippocampai neurons, where glutamate and GABA but not glycine are the principal transmitters.
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The molecular mechanisms underlying the establishment of a postsynaptic receptor mosaic on CNS neurons are poorly understood. One protein thought to be involved is gephyrin, a peripheral membrane protein that binds to the inhibitory glycine receptor and functions in clustering this receptor at synapses in cultured rat spinal cord neurons. We investigated the possible association of gephyrin with synapses in cultured rat hippocampai neurons, where glutamate and GABA but not glycine are the principal transmitters.
Gephyrin immunoreactivity was detected in axons as well as dendrites, changing from a predominantly axonal to a more dendritic distribution with time in culture. Gephyrin staining was not distributed uniformly, but always took the form of clusters. Small clusters of gephyrin (0.2 pm'), present throughout development, were distributed widely and not restricted to synaptic sites. Larger clusters of gephyrin (0.4-10.0 pm*, sometimes composed of groups of small clusters), which developed in older cells, were localized to a subset of contacts between axons and dendrites. These large clusters were not present at glutamatergic synapses (marked by immunostaining for GluRl), but were closely associated with GABAergic synapses (marked by immunostaining for GABA and glutamic acid decarboxylase).
These results, together with previous findings, suggest that gephyrin may function to anchor GABA and glycine receptors, but not glutamate receptors, at postsynaptic sites on central neurons. They also raise the possibility that gephyrin has additional functions, independent of its role at synapses.
Key words: synaptogenesis; receptor clustering; gephyrin; GABA receptor; glutamate receptor; hippocampal neuron; pos tsynap tic site Synaptic function depends not only on controlled release of neurotransmitter but also on regulation of the number and distribution of receptors in the postsynaptic membrane. At the neuromuscular junction, the primary model for the development of postsynaptic sites, some of the key proteins that regulate the distribution of the acetylcholine receptor have been identified. Agrin and ARIA are two of the trans-synaptic signaling molecules, whereas the 43K protein and perhaps the dystroglycan complex function in anchoring the receptor in the postsynaptic membrane (McMahan et al., 1992; Falls et al., 1993; Froehner, 1993b; Hall and Sanes, 1993; Fallon and Hall, 1994; Ape1 et al., 1995) . It has become increasingly clear that receptors are also clustered at postsynaptic sites on neurons [for an elegant example, see Triller et al. (1985) ]. Furthermore, neuronal receptors can cluster specifically opposite terminals that release the corresponding transmitter (Craig et al., 1994) .
The nature of the molecular signals that induce receptor clustering on neurons is not known, but one of the anchoring proteins has been identified and studied intensively by H. Betz and J. Kirsch and colleagues. Gephyrin, a 93 kDa peripheral membrane protein, was isolated originally by virtue of its co-purification with the glycine receptor during affinity chromatography from mam-malian spinal cord (Pfeiffer et al., 1982 (Pfeiffer et al., , 1984 . Antisense oligonucleotides against gephyrin inhibit glycine receptor clustering on cultured rat spinal cord neurons (Froehner, 1993a; Kirsch et al., 1993b) . Gephyrin binds to the glycine receptor p subunit and to tubulin and has been postulated to anchor the glycine receptor to the subsynaptic cytoskeleton (Kirsch et al., 1991; Meyer et al., 1995) . Gephyrin may also have other functions in addition to its role in anchoring glycine receptors. Although it was once thought that gephyrin immunoreactivity was restricted to glycinergic postsynaptic sites (Triller et al., 1985) , this view has subsequently come into question, Gephyrin has been observed postsynaptic to GABA terminals or colocalized with GABA, receptor subunits in the rat spinal cord, cerebellum, and retina (Triller et al., 1987; Mitchell et al., 1993; Bohlhalter et al., 1994; Cabot et al., 1995; Sasso& Pognetto et al., 1995) . In all of these regions, both GABA and glycine are primary inhibitory transmitters and can coexist in the same cells and the same terminals (Ottersen et al., 1988; Todd and Sullivan, 1990; Chen and Hillman, 1993; Koontz et al., 1993) . Thus, co-utilization of both transmitters at the same bouton may partly explain the presence of gephyrin at GABAergic synapses in these systems, although this explanation seems inadequate to account for the preponderance of GABAergic synapses that contain gephyrin [ >95% of GABAergic sympathetic preganglionic neuron inputs as determined by Cabot et al. (1995) j. In addition, gephyrin immunoreactivity in the retinal inner plexiform layer showed a better correspondence with immunoreactivity for the GABA, receptor a2 subunit than for glycine receptors (SassokPognetto et al., 1995) . Furthermore, gephyrin is expressed abundantly in regions of the brain that lack the ligand-binding a subunit of the glycine receptor, although these regions do express Figure 1 . Segregation of gephyrin first to axons and then to dendrites during the development of hippocampal neurons in culture. Neurons were double-labeled for gephyrin (B, E) and the dendritic protein MAP2 (C, F) after 8 d (A-C) or 22 d (0-F) in culture. Phase-contrast micrographs (A, D) reveal the increase in complexity of the axonal and dendritic network. In the younger neurons, gephyrin immunoreactivity was strong in axons (arrow) but undetectable in dendrites (arrowhead). In the more mature neurons, gephyrin was restricted mainly to dendrites (arrowhead) but still detectable in dispersed puncta in a small subset of axons (arrow). The presence of gephyrin immunoreactivity in axons was confirmed in additional experiments by double-label immunoeytochemistry for neurofilament 200 (data not shown). Gephyrin immunoreactivity was always detected in a punctate pattern. Scale bar (shown in A): 20 pm. the glycine receptor /3 subunit (Malosio et al., 1991; Kirsch and Betz, 1993; Kirsch et al., 1993a) . In fact, gephyrin is expressed in many non-neural tissues, including kidney, lung, and liver (Prior et al., 1992) . The presence of alternative splice variants at four sites in the N-terminal-half of gephyrin also supports the idea of multiple functions (Prior et al., 1992) .
To assess further the possible association of gephyrin with nonglycinergic synapses, we studied its expression and distribution in cultures of rat hippocampal neurons. These cultures are composed primarily of glutamatergic pyramidal cells together with a small number (-6%) of GABAergic interneurons (Goslin and Banker, 1991; Benson et al., 1994) . The cultured neurons form structurally and functionally competent synapses and cluster glutamate and GABA receptors at postsynaptic sites opposite terminals releasing the corresponding transmitters (Bartlett and Banker, 1984; Fletcher et al., 1991 Fletcher et al., , 1994 Craig et al., 1993 Craig et al., , 1994 Eshhar et al., 1993) . GABA is the predominant inhibitory transmitter in the hippocampus, whereas there is no evidence for glycinergic transmission in the hippocampus or in hippocampal cultures. Synaptically activated inhibitory currents in hippocampal cultures are blocked by GABA receptor antagonists (Collingridge et al., 1984; Segal and Barker, 1984; Bekkers and Stevens, 1991) . mRNAs encoding the a2 and p subunits of the glycine receptor are expressed in the embryonic hippocampus (Malosio et al., . GluRl is segregated to dendrites and has begun to form postsynaptic clusters on spines. At 12 d, gephyrin was present in both axons (arrow) and dendrites. In dendrites, in addition to the small clusters, a few large gephyrin clusters had formed (arrowhead). By 16 d, axonal labeling had decreased but was still detectable in spots (arrow), and the number of large dendritic clusters had increased (arrowhead).
-Scale bars (shown in 2 and C): 10 pm.
1991), however, and strychnine-sensitive responses to application of glycine can be recorded transiently during hippocampal development (Ito and Cherubini, 1991) . Thus, it is quite possible that glycine receptors are present but lack a synaptic function in the hippocampal cultures. We found that prominent clusters of gephyrin immunoreactivity were associated selectively with GABAergic but not glutamatergic synapses, suggesting a possible role in anchoring GABA receptors as well as glycine receptors. Smaller clusters of gephyrin immunoreactivity were distributed broadly within both axons and dendrites and bore no relationship to synaptic sites. This raises the possibility that gephyrin has additional functions in neurons, unrelated to receptor anchoring.
MATERIALS AND METHODS
Cell cultures. Hippocampal cultures were prepared as described previously (Banker and Cowan, 1977; Goslin and Banker, 1991) . Briefly, hippocampi from H-d-old rat embryos were dissociated by treatment with trypsin and trituration with a constricted Pasteur pipette. The cells were plated on poly+lysine-coated glass coverslips in minimal essential medium (MEM) with 10% horse serum. Plating densities ranged from 48 to 7200 cells/cm'. After the cells had attached to the substrate, the coverslips were transferred to dishes containing a monolayer of astroglial cells and oriented so that the neurons faced the glia but did not contact them. Cultures were maintained in serum-free MEM with N2 supplements (Bottenstein and Sato, 1979) , 0.1% ovalbumin, and 0.1 mM pyruvate. Cytosine arabinoside (5 j&M) was added 2-3 d after plating to inhibit the proliferation of non-neuronal cells.
Antibodies.
MAb 7a specific for gephyrin was obtained from Boehringer Mannheim (Indianapolis, IN; now discontinued) and was used at 2-4 pg/ml (Pfeiffer et al., 1984; Kirsch and Betz, 1993) . MAb bd17 against the GABA* receptor p2/3 subunits was also obtained from Boehringer Mannheim and used at 5-10 &ml (Ewert et al., 1990) . Rabbit antisera against microtubule-associated protein 2 (MAP2) was a gift of Shelley Halpain, University of Virginia, and was used at a l:lO,OOO dilution (Haipain and Greehgard, 1990) . Rabbit anti-neurofilament 200 antibodies (Sigma, St. Louis, MO1 were used at 1:2000. Rabbit antibodies against sy&pGphisin were 'prov;ded by Pietro DeCamilli, Yale Universiwy and used at 1:SOOO dilution (Navone et al., 1986) . Guinea pig antibodies against the glutamate receptor GluRl were obtained from Richard Huganir, Johns Hopkins University, and used at 1:lOOO (crude sera) or S-10 &ml (affinity-purified antibodies) (Blackstone et al., 1992) . GABAergic axons and terminals were identified with rabbit anti-GABA (Sigma; l:lO,OOO) and rabbit K-2 anti-glutamic acid decarboxylase (anti-GAD) (Chemicon, Temecula, CA; 1:lOOO; Kaufman et al., 1991) . All of these primary antibodies have been well characterized previously by Western blot analysis and immunohistochemistry. Secondary antibodies and avidin conjugates were obtained from Vector Labs (Burlingame, CA) and used at 2-5 wg/ml.
Immu~oqtochemistry.
Neurons usually were fixed with 4% formaldehvde. 4% sucrose in PBS for 15 min at 37°C and oermeabilized with 0:25"/0 Triton X-100 for 5 min. The addition of 0.16 glutaraldehyde to the fuative or permeabilization with NP40 instead of Triton X-100 resulted in decreased intensity but no change in the pattern of gephyrin immunoreactivity. Cells were preincubated in 10% bovine serum albumin (BSA) for 30 min at 37°C and then incubated in primary antibody in 3% BSA either 2 hr at 37°C or overnight at 4°C. For double-labeling, both primary antibodies were incubated together except for those experiments involving the K-2 anti-GAD. In those experiments, primary antibodies were incubated sequentially: anti-gephyrin, anti-GAD, and then both secondary antibodies. Secondaly antibodies were usually combinations of TMAX P3200 film through 25-100 X objectives on a Zeiss microscope. Images were prepared for presentation using a Nikon Coolscan scanner, Adobe Photoshop, and Shinko dye sublimation printer. In some cases, images were collected directly with a Photometrics series 250 cooled CCD camera. Quantitation. For quantitative analysis, digital images were collected with a Photometrics series 250 cooled CCD camera and stored on a Pinnacle rewriteable optical drive. Images were analyzed with IPLab software. After background subtraction of the dark current image, threshold intensity was set for gephyrin images to include for measurements only the clusters, i.e., only pixels above a user-defined intensity. Threshold intensity was chosen manually for each image to include the maximum number of individual clusters with minimal coalescence of clusters in brighter areas. Intensity and area were then measured for each spot above threshold. Raw intensity values were linearly scaled relative to the brightest spot for each image to yield the relative intensity values (see Table 1 ). A gephyrin image with numbered hot spots was overlaid with the corresponding GABA image, and each gephyrin hot spot was classified as GABA-positive (colocalization) or GABA-negative (no colocalization). Regions immediately surrounding the soma were excluded from analysis because of high background fluorescence from the thickness of the cell body. The results of these measurements were analyzed in Cricketgraph and Microsoft Excel (see Table 1 ).
RESULTS

Distribution of gephyrin in axons and dendrites
Embryonic rat hippocampal neurons in low-density culture were assayed for the expression and localization of gephyrin using the previously characterized monoclonal antibody 7a (Pfeiffer et al., 1984; Kirsch and Betz, 1993) . Specificity of the gephyrin antibody was confirmed by Western blot analysis on rat forebrain tissue. As expected, a single strongly immunoreactive band of 93 kDa was obtained (data not shown). In hippocampal cultures, gephyrin immunoreactivity was observed in all neurons at all ages examined, from 2 to 26 d in culture. Immunoreactivity was not uniformly distributed but was present in a pattern of small puncta.
Surprisingly, in light of previous results (Triller et al., 198.5, 1987; Mitchell et al., 1993; Cabot et al., 199 .5), gephyrin was not restricted to dendrites but was clearly present in axons as well. In fact, in younger neurons (2-10 d in culture), gephyrin was more abundant in axons than in dendrites (Fig. U-C) . This distribution changed with development. In older neurons, gephyrin seemed to be more abundant in dendrites than in axons (Fig. D-F) . Although some of the immunoreactivity associated with dendrites in older cultures may have been attributable to axons coursing along the edges of dendrites, most isolated axons lacked immunoreactivity. Moreover, immunoreactive puncta were present throughout the breadth of dendrites, even in very low-density cultures where dendrites are contacted by few axons.
The transition from a predominantly axonal to a predominantly dendritic localization occurred gradually. At 12 d in culture ( Fig.  2A,B) , there was both dendritic and axonal immunoreactivity. Gephyrin was present in sparsely distributed puncta in isolated axons and was particularly abundant near axonal growth cones. Some of the immunoreactive puncta near dendrites were actually outside the boundaries of the dendrites proper and were no doubt attributable to axons coursing parallel to the dendrites. By 16 d in Figure 4 . Nonsynaptic localization of small gephyrin clusters. Hippocampal neurons after 2 weeks in culture were immunolabeled for gephyrin (B) and the synaptic vesicle protein synaptophysin (C). Only one elongated gephyrin cluster (arrowhead) exhibited a clear synaptic localization evidenced by colocalization with synaptophysin. The vast majority of the small round gephyrin clusters were present at nonsynaptic sites (arrows), and the vast majority of synaptic vesicle clusters contained no detectable gephyrin. These conclusions were confirmed by superposition of color images (not shown). Scale bar (shown in A): 10 pm. culture (Fig. 2C,D) , gephyrin immunoreactivity had nearly disappeared from isolated axons, and immunoreactivity had increased within the boundaries of dendrites. In mature cultures (>3 weeks), gephyrin immunoreactivity was present primarily within the boundaries of dendrites (see Figs. 5-9), but a small minority of axons continued to express gephyrin.
As the neurons matured in culture, the distribution of gephyrin changed in another way: larger clusters of gephyrin immunoreactivity appeared. These larger clusters could first be observed in a few cells at lo-12 d in culture (Fig. 2 ) and were present in most cells by 3 weeks in culture. Gephyrin clusters were present in the somata and dendrites of both the GABAergic interneurons and the non-GABAergic pyramidal cells (Fig. 3A,B) . Because gephyrin was detected in only a minority of mature axons, we wondered whether these might correspond to the axons of GABAergic cells. This proved not to be the case. Although a few gephyrinimmunoreactive GABAergic axons were observed, most of the gephyrin-immunoreactive axons were not GABAergic, and most GABAergic axons lacked detectable gephyrin immunoreactivity (Fig. 3C,D) .
Relationship
of gephyrin with synapses Are the gephyrin clusters associated with either glutamatergic or GABAergic synapses? This question was addressed by labeling simultaneously for gephyrin and a marker of glutamatergic synapses (GluRl) (Fig. 5) , or markers of GARAergic synapses (either GABA itself, GAD, or the GABA, receptor p2/3 subunits) (Figs. 6-9), or the general synaptic marker synaptophysin (Fig. 4) . The localization of the small gephyrin clusters bore no relationship to any of the pre-or postsynaptic proteins listed above. Because of the sheer number of clusters in older neurons, there was occasional overlap in staining for gephyrin and synaptophysin as a marker for synaptic vesicles, but the majority of puncta did not overlap (Fig. 4) . Similarly, there was no correspondence between the small gephyrin clusters and either GluRl-labeled glutamatergic synapses or GAD-labeled GABAergic synapses (Figs. 5, 8) . The small gephyrin clusters seemed to be distributed randomly and were not associated with any clearly discernible morphological feature.
The large gephyrin clusters were observed on dendritic shafts or cell bodies but not on dendritic spines. Thus it seemed unlikely that they would be associated with glutamatergic synapses, which are particularly prominent on dendritic spines (Craig et al., 1993) . Double-labeling experiments bore this out (Fig. 5) . The large gephyrin clusters did not colocalize with GluRl-labeled synapses but had a distinct, nonoverlapping distribution. The pattern of the large gephyrin clusters was reminiscent of the pattern of GABA* receptors (as marked by staining with antibodies that recognize the p2 and p3 subunits; see Craig et al., 1994) . Because the gephyrin and GABA receptor antibodies available were raised in the same species, it was not possible to compare their distributions in the same cells by double-labeling; however, from single-labeling experiments, the patterns of labeling of the two proteins were strikingly similar. Both types of clusters were of approximately the same size, both tended to be elongated in shape, and both were present on dendritic shafts but not on spines (Fig. 6) . The only obvious difference between the staining patterns of the GABA* receptor subunits and gephyrin in mature cells was that the latter was also present in small clusters. Double-labeling with GARA revealed that the large gephyrin clusters occurred at sites of contact between dendrites and GABAergic axons (Fig. 7) . Although GABA is present along the length of GARAergic axons, the synthetic enzyme GAD is con- Figure 5 . Absence of a relationship between gephyrin clusters and GluRl-labeled glutamate synapses. Hippocampal neurons after 3 weeks in culture were immunolabeled for gephyrin (A, C) and the glutamate receptor subunit GluRl (B, D). Large gephyrin clusters (arrow) did not colocalize with GluRl clusters (arrowhead) .
The large gephyrin clusters were always present on dendritic shafts, whereas GluRl clusters were predominantly on dendritic spines. A minority of GluRl-labeled spines contained small clusters of gephyrin, but the majority of GluRl-labeled synapses contained no detectable gephyrin and the majority of small gephyrin clusters did not colocalize with GluRl clusters. Scale bars (shown in A and C): 10 pm. centrated in terminals and thus is a more specific marker for GABAergic boutons. Double-labeling with gephyrin and GAD confirmed that sites of large gephyrin clusters are indeed GABAergic synapses (Fig. 8) . On most cells, there was a nearly one-to-one correspondence between large gephyrin clusters and GAD-labeled boutons. On some cells, the large gephyrin clusters seemed to be continuous structures, whereas on other cells (e.g., Fig. 7) , the "large gephyrin clusters" were actually composed of groups of closely spaced small clusters. Because there are relatively few GABAergic neurons in these cultures, the density of GABAergic innervation varies. Some dendrites received no GABAergic input; these dendrites exhibited small gephyrin clusters but no large gephyrin clusters (Fig. 9A,B) . Dendrites that received GABAergic input and had large gephyrin clusters tended to have fewer small gephyrin clusters (Fig. 9C,D) , although this was not always the case (Fig. 9E,F) .
The characteristics of the gephyrin clusters, and the nature of their association with GABAergic innervation, were quantified from digital images of cells double-labeled for gephyrin and GABA (Table 1) . Each region of gephyrin immunofluorescence above a user-defined threshold intensity was considered a cluster, and its size and intensity were determined. Images were then examined in the second fluorescent channel to determine whether the gephyrin cluster occurred at a site of GABA labeling or at a site that lacked GABA innervation. Pyramidal cells with variable extents of GABAergic innervation were studied, and depending on the cell, anywhere between 4% and 72% of the gephyrin clusters occurred at sites of GABA innervation. The gephyrin clusters associated with GABAergic fibers were on average fourfold larger than those elsewhere along the dendrites (0.86 pm2 vs 0.23 pm', p < 0.001). The clusters not associated with GABA innervation were typically circular, with a diameter of 0.5-0.6 pm, whereas the clusters associated with GABA innervation were typically more elongated in shape and sometimes seemed to be composed of 4-10 of the small clusters. The fluorescence intensity of GABA-associated clusters was also slightly but significantly greater (p < 0.001).
Finally, it is important to note that there was considerable variability among cells in the size and staining intensity of gephyrin clusters. Large clusters were not present in all cells, including some cells in mature cultures that received significant GABAergic innervation. When large clusters were present, their number and distribution generally paralleled the extent and pattern of GABA innervation. As is the case for postsynaptic receptor clustering, which also varies from cell to cell and to a greater degree from one culture preparation to another, the extent to which large clusters of gephyrin formed seemed to be a characteristic of both the postsynaptic cell and the extent of innervation. Figure 6 . Similar distribution patterns of gephyrin and the GABA, receptor p2/3 subunits on different pyramidal cells. Hippocampal neurons after 3 weeks in culture were labeled for either gephyrin (II, B) or GABA* receptor p2/3 subunits (C, D). This was not a double-label experiment, because these two antibodies are from the same species. The overall distribution patterns were similar for both proteins in that large clusters of both proteins were of roughly the same size, were elongated in shape, and were present on dendritic shafts but not on spines. There were additional small clusters of gephyrin that did not have a GABA receptor counterpart. Although it may not be apparent here, the diffuse dendritic staining was generally higher for the GABA receptor subunits than for gephyrin. Scale bars: A, C, 20 pm; B, D, 10 Wm.
DISCUSSION
Our results reveal several novel features about the localization of gephyrin in hippocampal neurons, a class of cells that receive no glycinergic synapses. First, gephyrin immunoreactivity in hippocampal neurons always takes the form of clusters. There are two types of clusters, which differ in size and in subcellular localization. Larger clusters of gephyrin are localized selectively to GABAergic but not glutamatergic synapses. Smaller clusters of gephyrin are not restricted to synaptic sites or even to dendrites. They arise early in development, well before synaptogenesis, and initially are distributed preferentially to axons. As the cells mature, axonal staining declines and dendritic staining becomes more prominent. On the basis of this distribution pattern, gephyrin is likely to have multiple functions in neurons, perhaps mediated by different forms of the protein.
Selective clustering of gephyrin at GABAergic synapses Previous studies, based on immunoelectron microscopy or on immunofluorescence staining of tissue sections, have shown that gephyrin is present at GABAergic synapses in the retina and spinal cord (Cabot et al., 199.5; Sassob-Pognetto et al., 1995) . Here we have demonstrated a close correspondence between large gephyrin clusters and GABAergic synapses in hippocampal cultures, a system that lacks glycinergic transmission. Furthermore, using a low density culture system, we presented a clear picture of gephyrin distribution within entire individual neurons and demonstrated a specific association with sites of GABAergic but not glutamatergic innervation.
Definitive evidence of whether the large synaptic clusters of gephyrin in hippocampal neurons are pre-or postsynaptic will require immunoelectron microscopy, but three lines of reasoning support a postsynaptic localization. First, all previous studies have observed that the gephyrin present at synapses is postsynaptic. Second, at 3 weeks in culture, when we observed the striking clusters at GABAergic synapses, gephyrin was predominantly dendritic. A small minority of isolated axons were immunoreactive, but these generally did not correspond to GABAergic axons. Finally, the large synaptic gephyrin clusters formed much later in development than synaptic vesicle clusters did, but with roughly the same time course as postsynaptic receptor clusters (Fletcher et Figure 7 . Selective clustering of gephyrin at sites of contact between dendrites and GABAergic axons. Hippocampal neurons after 3 weeks in culture were labeled for gephyrin (A) and GABA (I?). Gephyrin was detected in small clusters throughout the soma and dendrites and in larger clusters, or closely suaced erouns of small brighter clusters, at points of contact with GABA axons (U~RXW). The cell shown is a pyramidal cell; the GAF3Aergic axon driginatid from a nearby imerneuron. Scale bar (shown in A): 10 pm. Craig et al., 1993 Craig et al., , 1994 . The formation of large gephyrin clusters also exhibited a high degree of variability from cell to cell and from one culture preparation to the next. Postsynaptic receptor clustering in cultured neurons is also quite variable, whereas the formation of synaptic vesicle clusters is consistent among different culture preparations.
The obvious inference from these results is that gephyrin may function to anchor GABA, receptors at postsynaptic sites in hippocampal neurons, just as it anchors glycine receptors in spinal cord neurons. Consistent with this possibility, GABA and glycine receptors share significant sequence homology, but exhibit no homology with members of the glutamate receptor family. On coexpression of gephyrin and GABA, receptor subunits in fibroblasts, p3 but not other subunits showed a partial colocalization with gephyrin in intracellular aggregates . Although Meyer et al. (1995) found that recombinant gephyrin interacts directly with the glycine receptor p subunit, they were unable to detect interaction with the most closely related GABA, receptor subunits, including p3, by direct biochemical methods. It may be that some GABA* receptor subunits such as p3 interact with a particular post-translational modification of gephyrin.
Nonsynaptic clusters of gephyrin Two findings in this study were completely unexpected. In light of previous immunoelectron microscopic studies of gephyrin localization, which demonstrated consistently that gephyrin was restricted to a specific subset of postsynaptic sites (Triller et al., 1985 (Triller et al., , 1987 Mitchell et al., 1993; Cabot et al., 1995) , we were surprised to find that gephyrin was not restricted to dendrites but was also present in axons; in fact, early in development gephyrin is concentrated preferentially in axons. Equally surprising, gephyrin was associated with clusters of two distinct sizes, and the smaller clusters bore no relationship to synapses, even in mature cultures that were densely innervated. At present .we can only speculate about the significance of these small clusters, which were found in both axons and dendrites. It may be that these are sites where gephyrin is functioning to anchor some other membrane protein to the cytoskeleton, or they may represent intracellular aggregates, perhaps associated with vesicles in transit to the cell surface. At any rate, the presence of widely distributed, nonsynaptic clusters of gephyrin raises the possibility that this protein subserves additional functions in neurons, independent of receptor clustering. This possibility is consistent with the finding that gephyrin is expressed in many cell types besides neurons (Prior et al., 1992) .
It is unclear at present how to relate our findings with previous studies of gephyrin localization in spinal cord cultures. In lo-d-old spinal cord cultures, when neurons are already innervated, only one size class of gephyrin clusters has been described (0.28 pm2; . These correspond in size to the smaller clusters observed in hippocampal cultures, but unlike those in hippocampal neurons, they are restricted largely to synaptic sites. It is not clear whether this reflects a difference in cell type or whether larger clusters also appear at later times in spinal cord cultures. It is also possible that the size differences simply reflect a difference in the imaging techniques used to make these measurements.
F&ure 8. Selective clustering of gephyrin at GABAergic synapses. Hippocampal neurons after 3-4 weeks in culture were immunolabeled for gephyrin (Z3, E, ZZ) and GAD, a marker of GABAergic terminals (C, F, I ). There was a largely one-to-one correspondence between large gephyrin clusters and GAD-labeled boutons. Presynaptic versus postsynaptic sites were not distinguishable at this level of resolution, and so the apparent colocalization is consistent with apposition of presynaptic GAD and presumably postsynaptic gephyrin. Most proteins that exhibit a polarized distribution in hippocampal neurons become polarized relatively early in development (for review, see Craig and Banker, 1994) . Most axonal proteins become segregated to the axon as soon as it develops (at l-2 d in culture), and most dendritic proteins become segregated as dendrites begin to mature (at 4-6 d in culture). Thus, the gradual shift in localization of gephyrin from axons to dendrites between 1 and 3 weeks in culture is unusual. This change in localization could be attributable to a developmentally regulated posttranslational modification of gephyrin, to the association of gephyrin with other proteins expressed at different stages of development, or to developmental changes in the expression of alternatively spliced forms of gephyrin. Gephyrin transcripts can exist in different isoforms including or lacking four cassettes, Cl-C4 (Prior et al., 1992) . Expression of transcripts containing the C3 cassette decreases during embryonic development (Kirsch et al., 1993a) . Thus it is possible that the C3 cassette, consisting of 36 amino acids, directs gephyrin to axons, whereas forms lacking C3 may be dendritic. Isoform-specific antibodies will be required to test this hypothesis. punctate and axonal, the GABA, receptor p213 subunits are diffusely distributed m the plasma membrane and polarized to dendrites Even m older neurons, GABA, receptors and gephyrm are colocahzed at GABAerglc synaptic sites, but GABA, receptors are not associated with the smaller, nonsynaptlc gephyrm clusters These results suggest that only a specific form of gephyrm, either a sphce variant or a post-translationally modified form, can interact with GABA, receptors We have argued previously that there must be some local control over receptor clustering to account for its specificity that GABA receptors cluster opposite GABAerglc but not glutamaterglc termmals (Craig et al , 1994) Local control could Involve local modlficatlon of gephyrm, of GABA receptors, or of another associated protein A related issue pertams specifically to cells that receive separate GABAerglc and glycmerglc input Are GABA and glycme receptors associated selectively with the appropriate postsynaptlc sites m such cells? If so, and d gephyrm anchors both receptor types, this would imply that different splice variants or post-translatlonally modified forms differ m the speclficlty of their mteractlons with receptors Even m developing hlppocampal neurons, although there 1s no evidence for glycmerglc synaptic transmlsslon, some glycme receptor subunits may be expressed, mcludmg a2 and the gephyrm-bmdmg p subumt, raising the questIon of whether and how they may be segregated from GABA receptors and whether, for example, they may be associated with the small nonsynaptic gephyrm clusters Additional studies aimed at understanding the functions of gephyrm m hlppocampal neurons will have to take mto account both glycme and GABA receptors as well as different forms of gephyrm Our results suggest that gephyrm IS not involved m glutamate receptor clustermg The hypothesis proposed by Klrsch and Betz (1995) that gephyrm forms a bridge between mlcrotubules and receptors IS reconciled more easily with a role m clustering receptors on dendrltlc shafts than on spmes, which lack mlcrotubules Even m shafts, the distance between the plasma membrane and mlcrotubules 1s rather large to be bridged by a smgle molecule, but recent evidence that gephyrm can form filaments m fibroblasts (Ku-sch et al, 1995) may fill this gap Thus there seem to be at least three families of molecules that are involved m anchoring transmitter receptors the 43K protem for acetylchohne receptors, gephyrm for glycme and likely GABA receptors, and an additional family, possibly mcludmg PSD-95 (Kornau et al, 1995) , for glutamate receptors
